Two distinct metabolic pathways have been elucidated for the formation of isopentenyl diphosphate and dimethylallyl diphosphate, essential metabolic precursors for isoprenoid biosynthesis: the mevalonate pathway, found ubiquitously in mammals, and the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, found in most bacteria. As the MEP pathway is absent from mammals, all MEP pathway enzymes represent effective targets for the development of antibacterial drugs. In this study, we found that a herbicide, ketoclomazone, exhibited antibacterial activity against a pathogenic bacterium, Haemophilus influenzae, with an MIC value of 12.5 lg ml À1 and that antibacterial activity was suppressed by adding 1-deoxyxylulose, a free alcohol of 1-deoxy-D-xylulose 5-phosphate (DXP). DXP is an MEP pathway intermediate synthesized from pyruvate and D-glyceraldehyde 3-phosphate (D-GAP) by the action of DXP synthase. Thus, we investigated the enzyme kinetics of DXP synthase of H. influenzae (HiDXS) to elucidate an inhibitory mechanism of ketoclomazone on HiDXS. The dxs gene was cloned from H. influenzae and overexpressed in Escherichia coli, and the enzyme was purified to homogeneity. The purified HiDXS was a soluble dimeric 70-kDa protein. Steady-state kinetic constants for HiDXS were calculated, and Lineweaver-Burk plots were consistent with a ping-pong bi bi mechanism. The kinetics of inhibition by ketoclomazone suggested that ketoclomazone binds to an unidentified inhibitor-binding site that differs from both the pyruvate-binding site and the D-GAP-binding site on DXP synthase. These data reveal the inhibitory mechanism of ketoclomazone on DXP synthase.
INTRODUCTION
Isoprenoids, molecules found in all organisms, are important for the production of steroid hormones in mammals, carotenoids in plants, and ubiquinone or menaquinone and lipid intermediates for peptidoglycan biosynthesis in bacteria. 1 All isoprenoids are synthesized by consecutive condensations of a five-carbon monomer, isopentenyl diphosphate (IPP), to its isomer dimethylallyl diphosphate, both of which are essential metabolic precursors for isoprenoid biosynthesis.
Two distinct metabolic pathways exist for IPP and dimethylallyl diphosphate biosynthesis: the classical mevalonate pathway found ubiquitously in mammals and Archaebacteria, and the recently discovered 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway ( Figure 1 ). 2, 3 The MEP pathway consists of seven enzymes. The initial step of this pathway is the formation of 1-deoxy-D-xylulose 5-phosphate (DXP) by a transketolase-type condensation of pyruvate and D-glyceraldehyde 3-phosphate (D-GAP), catalyzed by DXP synthase in a thiamine diphosphate-dependent manner. [4] [5] [6] This enzyme is also essential for the synthesis of vitamins B 1 and B 6 in bacteria. 6 In the second step, intramolecular rearrangement and reduction of DXP simultaneously occur to form MEP. 7 This reaction is catalyzed by NADPH-dependent DXP reductoisomerase. 8 MEP is finally converted into both IPP and dimethylallyl diphosphate by the action of the following five enzymes, MEP cytidylyltransferase, 9 ,10 4-(cytidine 5¢-diphospho)-2-C-methyl-D-erythritol kinase, 11, 12 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, 13, 14 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase 15 and 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase. 16 The MEP pathway is present in most bacteria, including pathogens, as well as in plant chloroplasts, and the apicoplasts of Apicomplexan protozoa such as Plasmodium and Toxoplasma. 3 As the MEP pathway is absent from mammals, all MEP pathway enzymes represent effective targets for the development of antibacterial and antimalarial drugs and herbicides. In fact, we have demonstrated that in Escherichia coli the knock-out mutant of DXP reductoisomerase is lethal, 17 and that fosmidomycin is a potent and specific inhibitor of the enzyme. 18 Jomaa et al. 19 reported that fosmidomycin and its derivative inhibited DXP reductoisomerase of Plasmodium falciparum, and that these inhibitors cured mice infected with the rodent malaria parasite Plasmodium vinckei. Thus, DXP reductoisomerase has been shown to represent an effective target for the development of antibacterial and antimalarial drugs.
Ketoclomazone (2-(2-chlorobenzyl)-4,4-dimethyl-isoxazolidine-3,5-dione) is a derivative of a soil-applied herbicide, clomazone, also known as dimethazone or FMC 57020. 20 It has been reported that clomazone and ketoclomazone cause significantly lower chlorophyll and carotenoid levels in barley leaves. 21 By contrast, other studies have suggested that ketoclomazone, but not clomazone, inhibits DXP synthase activity in vitro. Lichtenthaler and coworkers 22 reported that ketoclomazone, but not clomazone, inhibited the activity of a recombinant DXP synthase from Chlamydomonas, with an IC 50 value of 0.1 mM. In addition, Ferhatoglu and Barrett demonstrated that 20 mM ketoclomazone inhibited 47% of DXP synthase activity in crude extracts from E. coli expressing a plant Catharanthus roseus DXP synthase gene. 23 These reports have suggested that clomazone may be converted into ketoclomazone in plants to inhibit DXP synthase. However, a mechanism of inhibition by ketoclomazone of DXP synthase has not been elucidated, although clomazone and ketoclomazone have been used as chemical tools to suppress the MEP pathway in plants. [24] [25] [26] In addition, antibacterial activities of clomazone and ketoclomazone have not been reported, although most bacteria, including pathogens, utilize the MEP pathway for isoprenoid biosynthesis. 27 In this study, we found that ketoclomazone inhibited the growth of E. coli and Haemophilus influenzae, and that this inhibition was suppressed by the addition of 1-deoxyxylulose (DX), a free alcohol of DXP. This finding strongly suggests that a target of ketoclomazone is DXP synthase in the MEP pathway, leading us to evaluate ketoclomazone as an inhibitor of DXP synthases from the bacteria. This evaluation revealed for the first time that ketoclomazone binds to the site of inhibition, which differs from both the pyruvate-binding site and the D-GAPbinding site on DXP synthase. These data are the first demonstration that the antibacterial activity of ketoclomazone against E. coli and H. influenzae is due to the inhibition of DXP synthase activity by ketoclomazone. This study may lead to the development of new antibacterial drugs through the chemical derivatization of ketoclomazone.
MATERIALS AND METHODS Materials
Genomic DNA from H. influenzae ATCC51907D, which was used in the bacterial sequencing project, 28 was purchased from the American Type Culture Collection (Manassas, VA, USA). Ketoclomazone was synthesized according to Sakakibara et al. 24 The compound DX was synthesized according to Kennedy et Construction of the Gateway-adapted destination plasmid for high-level expression of the histidine-tagged recombinant HiDXS in E. coli In the genomic database of H. influenzae (accession number L42023), HI1439 has been identified as DXP synthase. On the basis of the entire nucleotide sequence of HI1439, the oligonucleotide forward primer, pHiDXS-N, 5¢-CACCATGACTAACAATATGAACAATTATCC-3¢ (start codon underlined) and the reverse primer, pHiDXS-C, 5¢-TAAATTACCTTGTTTTGCAATAAAG TTGAG-3¢ were synthesized (Operon Biotechnologies, Tokyo, Japan) and used together with total DNA from H. influenzae ATCC51907D to amplify the HI1439 gene. Using iProof high-fidelity DNA polymerase (Bio-Rad Laboratories, Tokyo, Japan), a 1.9-kb fragment was amplified. The PCR-amplified DNA fragment was cloned into a pENTR/D-TOPO vector (Invitrogen, Tokyo, Japan) by a BR recombination reaction to generate an entry clone, pENTRHiDXS. Automated nucleotide sequencing confirmed the fidelity of the PCR product (Shimadzu Biotech, Kyoto, Japan). An LR recombination reaction between pENTR-HiDXS and a destination vector, pDEST17 (Invitrogen), was 
DXP synthase assay
A spectrophotometric DXP synthase assay was employed using a coupled system with DXP reductoisomerase as previously described, 30 with a slight modification. The assay system consisted of 40 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM MgCl 2 , 1mM dithiothreitol, 0.3 mM TPP, 0.15 mM NADPH, pyruvate and DL-GAP, and 0.1 U of E. coli DXP reductoisomerase in a final volume of 1 ml. The assay mixture was preincubated at 37 1C for 3 min, and the reaction was initiated by adding DXP synthase. The enzyme-dependent oxidation of NADPH was monitored in a spectrophotometer UV-160 equipped with a cell holder, CPS-240A (Shimadzu Biotech), adjusted to 37 1C. 
DXP synthase inhibition assays
In DXP synthase inhibition assays, ketoclomazone was preincubated at 37 1C for 3 min in a reaction mixture that consisted of 40 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM RESULTS MIC values for E. coli and H. influenzae First, we investigated the MIC of ketoclomazone for E. coli and H. influenzae in the absence or presence of 0.1% DX, a free alcohol of DXP. An intermediate in an early step in the MEP pathway, DXP is also a reaction product of DXP synthase (Figure 1 ). Ketoclomazone showed antibacterial activity against E. coli and H. influenzae with MIC values of 800 and 12.5 mg ml À1 , respectively, in the absence of DX (Table 1) . Importantly, the inhibitory effect of ketoclomazone was suppressed by the addition of 0.1% DX to the growth medium. As DX has been reported to be converted into DXP by the action of D-xylulokinase and incorporated into the MEP pathway for IPP biosynthesis in E. coli (Figure 1 ), 32 DX should be incorporated into the MEP pathway in H. influenzae as well. Therefore, the suppression caused by the addition of DX strongly suggested that ketoclomazone inhibited DXP synthases of E. coli and H. influenzae. Thus, we decided to evaluate ketoclomazone as an inhibitor of EcDXS and HiDXS.
Properties of HiDXS overexpressed in E. coli
To characterize DXP synthase of H. influenzae, we overexpressed the HiDXS gene in E. coli. The expression of HiDXS in E. coli was efficient, and the recombinant HiDXS was purified to homogeneity as a soluble protein. The purified HiDXS showed a single band on SDS polyacrylamide gel electrophoresis with a subunit molecular mass of 70 kDa (Supplementary Figure S1) . By gel filtration chromatography, the molecular mass of the enzyme was estimated to be 130 kDa. These results suggest that HiDXS is likely to be a dimer.
Steady-state kinetic studies
We calculated steady-state kinetic data for the purified HiDXS. Initial velocities for HiDXS were measured using a spectrophotometric assay that quantifies product formation by the concomitant oxidation of NADPH. Lineweaver-Burk plots (1/initial velocity versus 1/concentration) of pyruvate and D-GAP were created (Figure 2 ). The four lines in both plots are essentially parallel for substrate concentrations between approximately 0.5K m and approximately 2.5K m . These plots indicate the ping-pong bi bi mechanism of DXP synthase, in which the formation of a HiDXS-pyruvate complex and the dissociation of CO 2 occur before DXP formation. Steady-state kinetic constants for HiDXS with pyruvate and D-GAP as substrates were determined by fitting initial velocity versus concentrations of pyruvate and D-GAP to the Michaelis-Menten equation (Equation (1) ). In this assay condition, TPP inhibited DXP synthase activity at 500 mM. We used 300 mM TPP in all further DXP synthase assays because 300 mM TPP afforded the maximum initial velocity.
To compare the kinetic constants of HiDXS with those of EcDXS, we calculated the kinetic constants of EcDXS using the same spectrophotometric assay used for HiDXS: K m pyruvate ¼48 ± 14 mM, K m D-GAP ¼370±110 mM and V max ¼3.5±0.8 U per mg protein.
Kinetic studies with ketoclomazone as an inhibitor
We evaluated the performance of ketoclomazone as an inhibitor of HiDXS. A Lineweaver-Burk plot of the initial velocities for various concentrations of pyruvate and a fixed concentration of D-GAP (200 mM, EK m for HiDXS) at different concentrations of ketoclomazone is shown in Figure 3a . The four lines in the plot are essentially parallel, indicating that the kinetics of inhibition is uncompetitive with respect to pyruvate. A K i pyruvate value was calculated to be 28 mM from a secondary plot (Figure 3b ) of the Lineweaver-Burk plot (Figure 3a) . In addition, a Lineweaver-Burk plot of the initial velocities for various concentrations of D-GAP and a fixed concentration of pyruvate (200 mM, EK m ) at different concentrations of ketoclomazone is shown in Figure 3c . The four lines in the plot intersect near the horizontal axis, indicating that the kinetics of inhibition is mixed type with respect to D-GAP. K m D-GAP and K i
¢D-GAP
values were almost equal and calculated to be 22 and 23 mM, respectively, from a secondary plot (Figure 3d ) of the Lineweaver-Burk plot (Figure 3c ). We calculated dissociation constants of ketoclomazone for binding to EcDXS to compare the constants with those of HiDXS. A Lineweaver-Burk plot of the initial velocities for various concentrations of pyruvate and a fixed concentration of D-GAP (375 mM, EK m for EcDXS) at different concentrations of ketoclomazone is shown in Supplementary Figure S2A . As is the case with HiDXS, the kinetics of inhibition of EcDXS is uncompetitive with respect to pyruvate. The K i pyruvate value was calculated to be 75 mM from a secondary plot (Supplementary Figure S2B) of the Lineweaver-Burk plot (Supplementary Figure S2A) . A Lineweaver-Burk plot of the initial velocities for various concentrations of D-GAP and a fixed concentration of pyruvate (50 mM, EK m ) at different concentrations of ketoclomazone is shown in Supplementary Figure S2C . As is the case with HiDXS, the four lines in the plot intersect in the second quadrant, indicating that the kinetics of inhibition is mixed type with respect to D-GAP. K m D-GAP and K i ¢D-GAP values were calculated to be 220 and 460 mM, respectively, from a secondary plot (Supplementary Figure S2D) of the Lineweaver-Burk plot (Supplementary Figure S2C) .
DISCUSSION
In this study, we have demonstrated for the first time that a herbicide, ketoclomazone, inhibits DXP synthase in the MEP pathway, resulting in antibacterial activity against E. coli and H. influenzae. However, its antibacterial activity was not as potent as the activities of fosmidomycin and ampicillin (Table 1) , possibly because ketoclomazone was developed as a herbicide. Derivatization of ketoclomazone might improve its antibacterial activity. Mao et al. 33 reported on a targetbased approach to identify possible Mycobacterium tuberculosis DXP synthase inhibitors from the structure of a known transketolase inhibitor. Ultimately they found two analogs of the transketolase inhibitor that showed antibacterial activity against M. tuberculosis with MIC values of 7.6 and 7.7 mM.
Kinetics of DXP synthase demonstrated the ping-pong bi bi mechanism of this enzyme (Figure 4 ). DXP synthase (E) first reacts with pyruvate (A) to form a Michaelis-Menten-type complex (EA) that then breaks down to yield a modified DXP synthase (F) with dissociation of CO 2 (P) before the second substrate D-GAP (B) binds to the modified enzyme (F). Then, the modified enzyme (F) reacts with D-GAP (B) to form another Michaelis-Menten-type complex (FB) that finally breaks down to yield DXP synthase (E) with release of the reaction product DXP (Q). This ping-pong bi bi mechanism is consistent with a thiamine-dependent reaction mechanism previously proposed by Rohmer et al. 
Inhibition of DXP synthase by ketoclomazone Y Matsue et al
We demonstrate in this study that the kinetics of inhibition by ketoclomazone is uncompetitive with respect to pyruvate and mixed type with respect to D-GAP. On the basis of the demonstration, we speculate that the inhibitory mechanism of ketoclomazone is as follows (Figure 4) : first, ketoclomazone (I) tries to bind to free enzyme HiDXS (E) but is unable to do so because uncompetitive inhibitors can bind only to the enzyme-substrate complex, and not to the free enzyme. If the first substrate, pyruvate (A), binds to the free enzyme (E) to form the HiDXS-pyruvate complex (EA), it presumably causes a conformational change in an unidentified inhibitor site different from the Figure 4 Proposed mechanism of inhibition of 1-deoxy-D-xylulose 5-phosphate (DXP) synthase by ketoclomazone. The DXP synthase reaction proceeds through the ping-pong bi bi mechanism. In the DXP synthase reaction, the kinetics of inhibition by ketoclomazone is uncompetitive with respect to pyruvate and mixed type with respect to D-glyceraldehyde 3-phosphate (D-GAP). Ketoclomazone (I) cannot bind to free enzyme (E) but can bind to the EA complex, modified enzyme (F) and FB complex. The dissociation constants of ketoclomazone for binding to H. influenzae DXP synthase (HiDXS) and E. coli DXP synthase (EcDXS) are listed. Details are described in the Discussion. A, pyruvate; B, D-GAP; P, CO 2 ; Q, DXP.
pyruvate-binding site on the HiDXS-pyruvate complex (EA), allowing ketoclomazone (I) to bind to the inhibitor site, which is remote from the active site. After release of CO 2 (P), ketoclomazone (I) can bind to the inhibitor site on both the modified HiDXS (F) and the modified HiDXS-GAP complex (FB) to inhibit the enzyme.
We calculated dissociation constants of ketoclomazone for binding to HiDXS and EcDXS to compare the constants with each other. The three dissociation constants (28, 22 and 23 mM) of ketoclomazone for binding to HiDXS were almost equal, suggesting that almost no substrate-dependent conformational change occurs in HiDXS during catalysis. By contrast, the dissociation constants (75, 220 and 460 mM) of ketoclomazone for binding to EcDXS significantly increased as the reaction progressed, suggesting that a substrate-dependent conformational change may occur in EcDXS. In addition, the dissociation constants of ketoclomazone for binding to EcDXS were much higher than those for binding to HiDXS. The marked difference of the dissociation constants may reflect a difference in sensitivity to ketoclomazone between H. influenzae and E. coli.
Although in this study we revealed the inhibitory mechanism of ketoclomazone on DXP synthase, we have not yet identified the inhibitor-binding site. As HiDXS and EcDXS exhibit distinct differences in sensitivity to ketoclomazone, the unidentified ketoclomazone-binding site might involve amino-acid residues that are not conserved between HiDXS and EcDXS (Supplementary Figure S3) . Thus, we looked closely at the previously solved crystal structure of EcDXS, 35 but we have not yet obtained information about ketoclomazone binding. Further insights into the inhibitor-binding site require crystal structures of HiDXS complexed with ketoclomazone. The structures will help in the design of ketoclomazone derivatives with more potent antibacterial activity.
